ABSTRACT: As central-place foragers, seabirds from colonies located close to multiple and/or productive marine habitats might experience increased foraging opportunities and enhanced resilience to food shortages. We tested whether this hypothesis might explain divergent trends in 3 populations of black-legged kittiwakes Rissa tridactyla, a surface-feeding piscivore, in the eastern Bering Sea. We simultaneously studied the foraging behavior, diet, nutritional stress, and breeding performance of chick-rearing kittiwakes from 2 continental shelf colonies (St. Paul and St. George) and an oceanic colony (Bogoslof). Although shelf-based forage fishes were rare or absent in bird diets during the cold study year, not all kittiwakes from the 3 colonies concentrated foraging along the productive shelf break habitats. Compared to the oceanic colony, birds from both shelf-located colonies had lower chick provisioning rates, higher levels of nutritional stress, and lower breeding performance. Although birds from both shelf-based colonies foraged in nearby neritic habitats during daytime, birds from St. George, a stable population located closest to the continental shelf break, also conducted long overnight trips to the ocean basin to feed on lipid-rich myctophids. In contrast, birds from St. Paul, a declining population located farthest from shelf break/oceanic habitats, fed exclusively over the shelf and obtained less high-energy food. Birds from Bogoslof, an increasing population, foraged mainly on myctophids close to the colony in the oceanic basin and Aleutian coast habitats. Our study suggests that proximity to multiple foraging habitats may explain divergent population trends among colonies of kittiwakes in the southeastern Bering Sea.
INTRODUCTION
Central-place foragers are constrained by the need to feed their offspring (Orians & Pearson 1979) ; therefore, close proximity to high-quality food is expected to balance foraging costs during reproduction (MacArthur & Pianka 1966) . Distance to abundant or highquality food sources has been shown to be an important determinant of animal's foraging decisions (Rainho & Palmeirim 2011) , and fitness payoffs usually measured as net energy gain (Naef-Daenzer 2000) and reproductive success (Suryan et al. 2000) . Bal-ancing resource allocation between reproductions is particularly important for long-lived animals (Williams 1966) , such as seabirds, because excessive effort allocation in a current reproduction can strongly affect adult survival (Stearns 1992) . Seabirds adopt different foraging strategies to cope with changes in prey availability in the vicinity of their colonies by shifting to less preferred prey (Bryant et al. 1999 , Mullers et al. 2009 ), increasing foraging range and time at sea (Suryan et al. 2000 , Boersma & Rebstock 2009 ), or alternating short and long trips to balance the energy requirements of chicks and adults (Saraux et al. 2011) . Such changes in the allocation of foraging effort (energy and time) and diet quality (Kitaysky et al. 2006 , Romano et al. 2006 ) appear to be sometimes costly for both offspring (Golet et al. 2000) and adults (Oro & Furness 2002 , Harding et al. 2011 . Physiologically, foraging seabirds respond to a decrease in food availability with increasing levels of nutritional stress (as measured by the hormone corticosterone; Kitaysky et al.1999 , 2010 , Dorresteijn et al. 2012 , poor reproduction (Buck et al. 2007) , or lower survival rates (Goutte et al. 2010) . Chronic reductions in food availability have been shown to affect both reproductive (Cury et al. 2011 ) and population vital rates (Irons et al. 2008 , Satterthwaite et al. 2012 in seabirds.
Predictability of prey aggregations differs spatially and temporally across marine habitats; neritic waters of continental shelves are more often used by seabirds (Weimerskirch 2007) and considered more productive than oceanic waters in the basin (Huyer 1983 , Springer et al. 1996a , Brown et al. 2011 ). Yet, the availability of prey for seabirds on shelf habitats may become less stable (Einoder et al. 2011) and less predictable over long-term scales compared to basin habitats (Weimerskirch 2007) . The location of seabird colonies close to predictable productive habitats (Croxall & Wood 2002 , Laidre et al. 2008 , coupled with the repetitive use of oceanographic features by chick-rearing birds (Irons 1998 , Weimerskirch 2007 , highlight the importance of anticipated prey in the selection of breeding habitat. Long-term analysis of stable isotopes indicates that the stable population of snare penguins Eudyptes robustus appeared to bene fit from stable prey availability over 120 yr as a function of the oceanographic setting of their breeding habitat (Mattern et al. 2009 ). Although considerably more stable and predictable than the open ocean, the prey assemblies associated with oceanographic features could also vary with annual changes in productivity due to ocean conditions (Zainuddin et al. 2006 , Mizobata et al. 2008 , Brown et al. 2011 ).
Hence, proximity of colonies to multiple high-quality marine habitats may be important for central-place foragers when preferred prey is reduced.
Marine ecosystems can be additionally stressed by human activities due to intense fisheries (Jackson et al. 2001) or the warming effects of climate change (Grebmeier et al. 2006 ). The southeastern continental shelf of the Bering Sea sustains one of the largest fisheries in the United States (Ianelli et al. 2009 ), and has exhibited extreme variability in sea ice extent, temperature, and the distribution and abundance of species at multiple trophic levels over the past 4 decades (Hunt et al. 2011 , Stabeno et al. 2012 . Here, seabird colonies at the Pribilof Islands, St. Paul, and St. George have experienced negative or neutral changes in population size over the last 30 yr (Byrd et al. 2008b) , contrasting with the positive trajectories of colonies at Bogoslof Island, located in the deep basin north of the Aleutian Arc. Neritic waters surrounding the Aleutian Islands are influenced by oceanic waters from both the Bering Sea and Pacific Ocean, creating a unique habitat (Ladd et al. 2005) likely to respond differently to changes in ocean conditions on the shelf (Aydin et al. 2007 ). For example, concurrent reductions of key forage fish species, such as capelin Mallotus villosus and juvenile walleye pollock Thera gra chalcogramma, in diets of piscivorous seabirds at the Pribilof Islands (Sinclair et al. 2008 , Renner et al. 2012 have not been observed at sea bird colonies of the Aleutian Islands (Springer et al. 1996b) . It has been proposed that differences in seabird population trajectories between shelf-and oceanic-located colonies in the Bering Sea reflect differences in food availability between regions (Byrd et al. 2008b) and/or differences in the proximity or breeding colonies to the productive shelf breaks (Schneider & Hunt 1984) . Seabirds on St. George and Bogoslof have had neutral or positive population trends, and both colonies are located 3 times closer (~30 km) than St. Paul (declining population) to the productive continental and Aleutian shelf breaks, respectively (Springer et al. 1996a , Ladd et al. 2005 . Despite some evidence that supports these predictions (Hunt et al. 2008 , Satterthwaite et al. 2012 , information on where breeding birds from each colony forage has been unknown prior to the present study, precluding links to reproductive and population processes.
We tested the hypothesis that seabird colonies located close to multiple types of marine habitats have more foraging options and should therefore be more resilient to low local prey availability than colonies with access to fewer marine habitats. We used data from 2009 on the foraging ecology (tracking and diet), physiological stress (corticosterone hormone, CORT), and breeding performance of a surface feeder, the black-legged kittiwake Rissa tridactyla, nesting at 3 Bering Sea colonies with different oceanographic locations and population trajec tories: St. George, St. Paul, and Bogoslof Island. Previous studies at the Pribilof Islands have shown that in cold years piscivorous seabirds have reduced reproductive success because of low availability of key forage fish on the continental shelf (Benowitz-Fredericks et al. 2008 , Satterthwaite et al. 2012 . Since 2009 was a cold year on the southeastern Bering Sea shelf (Hunt et al. 2011 , Stabeno et al. 2012 , we predicted: (1) St. Paul birds (declining population and located farthest from the continental shelf break) would have longer foraging distances, resulting in higher levels of nutritional stress, and lower breeding performance; (2) St. George birds (stable population and located closer to the continental shelf break) would have shorter foraging distances, lower levels of nutritional stress, and moderate breeding performance; and (3) Bogos lof birds (increasing population and located closer to the Aleutian shelf break and oceanic basin) would travel shorter distances and show lower levels of nutritional stress and higher breeding performance.
MATERIALS AND METHODS

Study site and species
We studied kittiwakes Rissa tridactyla simultaneously at 3 island colonies in 2009: the Pribilof Islands, St. Paul (104 km 2 , 57°7' N, 170°17' W) and St. George (90 km 2 , 56°36' N, 169°33' W) in the southeastern Bering Sea, and Bogoslof Island (1.28 km 2 , 53°55' N, 168°02' W) in the central-eastern Bering Sea (Fig. 1) . Fieldwork was conducted from the mid-incubation period to the end of the chick-rearing period at all 3 colonies, from 19 June to 30 August.
The last population count undertaken at Bogoslof Island in 2005 estimated a total population size of 15 000 kittiwakes (including a few red-legged kittiwakes Rissa brevirostis; Renner & Williams 2005) . The total population of black-legged kittiwakes at St. Paul (~15 000 individuals) and St. George (~72 000 individuals) for the same year was calculated based on counts by Hickey & Craighead (1977) and trend rates reported by Byrd et al. (2008b) . Kittiwakes on the Pribilof Islands have no major avian predators, whereas glaucous-winged gulls Larus glaucescens are common nest predators at Bogoslof. Kittiwakes feed primarily on 3 forage fish species: juvenile pollock, myctophids (Myctophidae), and sandlance (Ammodytidae) at all 3 islands (Iverson et al. 2007 , Sinclair et al. 2008 . Cold conditions characterized the study year (Stabeno et al. 2012) , with an overall low abundance of juvenile pollock on the southeastern Bering Sea continental shelf and in the Bogoslof Island region (Ianelli et al. 2009 ). Although both juvenile stages of pollock (age-0 and age-1) were present, young-ofthe-year were predominant in surveys conducted near the Pribilof Islands, and patches were mostly found in the deep sections of the water column (Benoit-Bird et al. 2011) . During bottom trawl surveys of groundfish by the Resource Assessment and Conservation Engineering Division (RACE), other forage fish species, such as capelin and sandlance, were poorly represented near the Pribilof Islands during June and July 2009 (Lauth 2010) .
Field data collection
Sixty-two adult kittiwakes raising chicks 5 to 25 d old were captured at the nest site for deployment of data loggers using both 8 m noose poles and snare traps from below the nest and foot snare traps from the top of cliffs. Captured birds were bled for subsequent CORT analysis, weighed using a 500 g Pesola balance (± 5 g), banded with a U.S. Fishery and Wildlife Service (USFWS) metal band, affixed with loggers, and temporally marked with livestock paint to facilitate individual identification. All birds were sampled according to a standardized technique (Benowitz-Fredericks et al. 2008) , with a blood sample (<100 µl) collected from the brachial vein within 3 min of capture, which is required to obtain baseline levels of corticosterone in kittiwakes (Kitaysky et al. 1999) . Samples were centrifuged, and plasma was stored frozen for later analysis of baseline levels of CORT at the University of Alaska Fairbanks. Global positioning system (GPS) data loggers (Gipsy 3-Technosmart; flat antenna with a 250 mA battery; size = 41 × 14 × 7 mm; weight = 10 to 12 g) were attached to the dorsal surface of 4 central rectrices using white Tesa tape© No. 4651. GPS loggers were encapsulated in a shrink tube casing (2 g; 4FT IC8725 ¾ inch (19 mm) thick clear; Frigid North) prior to deployment to ensure waterproofing. GPS loggers recorded latitude and longitude, time and date, speed, and altitude at a 1 or 180 s sampling interval. Activity loggers (British Antarctic Survey; Mk13: weight =1.8 g; MK9: weight = 2.5 g) attached to plastic color legbands were simultaneously deployed on all GPS birds. The activity logger recorded saltwater immersions every 3 s, and data were stored as the proportion of each 10 min period ranging from completely dry (0) to completely wet (200). Total instrument weight was 3.6% of average kittiwake body mass at the 3 colo nies (411 ± 6.0 g, n = 54). Recapture effort started 2 d after deployment, and the majority of birds (89%) were recaptured within 2 to 4 d (Bogoslof: 2.25 ± 0.04 d; St. Paul: 2.24 ± 0.04 d; St. George: 2.94 ± 0.05 d), although a few birds (n = 6) were recaught up to 15 d later. Upon recapture, devices were retrieved, birds were bled and weighed again, diet samples were collected, and standard body measurements (culmen, wing cord, tarsus, and head-bill) were taken using calipers and stopped rulers (± 0.01 mm). An additional drop of blood was collected for DNA analysis of sex determination (Fridolfsson & Ellegren 1999) . Diet samples were collected from both re gurgitations of captured adults or chicks, and the stomach contents of adults were obtained using the water-offloading method (Wilson 1984) . Each bird was flushed twice to ensure that most of the stomach content was obtained (see Renner et al. 2012 for details). Diet samples were weighed using a 100 g balance (±1 g) immediately after collection and preserved with 70% ethanol for laboratory analysis. Additional chick-rearing birds were captured once following the same capture procedure as tagged birds in order to increase the number of diet samples at each colony (St. Paul: n = 17; St. George: n = 7; Bogoslof: n = 18) and CORT (St. Paul: n = 16; St. George: n = 21; Bogoslof: n = 13). Birds were handled on average 15 ± 1 min (range: 5 to 30 min) at initial capture and an average of 30 ± 1 min (range: 13 to 45 min) at recapture. Most birds (74%, n = 62) re turned to the nest within 15 min of their release, and the remaining individuals returned within 40 min.
A subset of nests (n = 10 to 12) with non-instrumented birds was observed from dawn to dusk (06:00 to 23:30 h) during a total of 3 to 6 d at all 3 colonies. Observations were conducted during early, mid-, and late chick rearing to account for any difference in provisioning behavior associated with chick age. Times of all adult arrivals, departures, and chick feeds were recorded to determine both chick-feeding frequency and forage-trip durations at each colony.
Laboratory and data analysis
Our multipronged study includes the following data analyses: (1) foraging behavior -GPS and activity-logger tracking (trip distance and duration), azi muth (compass direction or bearing), and at-colony observations of non-tagged birds (trip duration and chick feeding frequencies); (2) diet composition; (3) nutritional stress levels (CORT); and (4) breeding parameters (breeding and fledging success).
Effect of instrumentation was addressed by comparing: (1) the trip duration of tagged and control birds and (2) the stress levels of birds before and after logger deployment (Tremblay et al. 2003) . We used published data on juvenile pollock abundance and distribution (Benoit-Bird et al. 2011 ) collected during the same time as the colony study period for interpreting bird foraging patterns.
Foraging behavior
GPS and activity-logger tracking. Location data from GPS units were first filtered following a forward-backward speed method (Mc Connell et al. 1992 ). We used a maximum speed of 80 km h −1 (the maximum instantaneous velocity re corded from the highest quality GPS fixes [dilution of precision of 1, indicating a wider angular separation of satellites and the highest positional accuracy] was 71 km h −1 ) to cull erroneous positions (median: 5%, range: 0 to 19%, of locations were removed from each individual), leaving approximately 352 500 locations from 53 individuals. Most of the erroneous locations were near the colony, likely due to satellite signal interference from adjacent rock cliffs or vegetation. Not all GPS units recorded positions at the same time intervals, and some units occasionally malfunctioned with larger time gaps in obtaining positions. Due to these complications, we spatially interpolated all tracking data at 10 m linear intervals for time gaps of 30 min or less between consecutive locations. Of the trips 23% were considered incomplete for calculating duration, and 14% of the trips were incomplete for calculating distance.
We developed an automated routine using Matlab (Mathworks) to identify and measure central-place foraging trips (distance, duration, and azimuth) based on specific criteria. We defined a foraging trip based on the activities of birds carrying GPSs and on direct observations of adults returning with prey to provision chicks. These criteria required a bird to leave a 0.5 km buffer around the nest site for a minimum of 30 min (the lower 25th percentile of observed foraging trip durations at all islands) to be included in analyses of foraging activity. We measured the straight-line distance and calculated the azimuth between the nest site and the most distant location of each central-place trip. In situations where a complete round-trip was not recorded be cause of GPS failure before the bird returned to the colony, we only included the maximum distance estimate in our analyses if the individual returned to within 75% of the maximum distance from the colony before the track was lost. The bird had to return to within 1 km of the colony for a trip to be considered complete and to be included in calculations of trip duration. A night trip (n = 115) was defined as either beginning on one calendar day and returning the next (87%), or departing and returning on the same day between sunset and midnight or between midnight and sunrise (13%). Daily times of sunrise and sunset at each island were obtained from the Astronomical Applications Department, U.S. Naval Observatory, Washington, DC. Trip distance and duration were analyzed using general linear mixed models (GLMM), with colony, sex, and time of day (day and overnight) as the main factors and individual in cluded as a random factor. For analysis of frequencies of habitat use, all trips per island were categorized according to the farthest point of a track overlapping 1 of 4 marine habitats: shelf (25 to 200 m depth), shelf break (200 to 1000 m), oceanic basin (>1000 m depth), and the Aleutian coast. Roseate plots were used to summarize frequencies of trip direction among colonies.
For the kernel density analysis and activity budgets, we linked activity-logger data (wet/dry values) to the nearest actual or interpolated bird location using GPS data, allowing a time lag of 8 min previous and 2 min following the activity record. The first 10 min time period recorded after an individual left the nest was negated, since birds were commonly observed bathing or visited ponds after leaving their nest site. Three at-sea activity types were defined: flying, resting, and 'active foraging'. Flying was defined as when the logger was dry for at least 99% of a given 10 min interval when a bird was away from the nest. Resting on the water was defined as when a bird spent 90% or greater of its time on the water during a given 10 min interval, and this 10 min interval was associated with previous and subsequent 10 min bins where 90% or more of the time was spent on the water and by being completely wet for a 10 min interval. This allows for some activity to occur that might cause a logger to record dry such as bathing and preening during prolonged periods of sitting on the water. 'Active foraging' was defined as all other times spent at sea, which constituted periods when birds were switching states between air and water. A GLMM, using individual as a random factor, was used to analyze differences in at-sea activities among colonies and time of day. Most trips (92%; n = 119) that were categorized as foraging trips by the central-place analysis (GPS data only) had 'active foraging', and those that did not were excluded from the analysis. Kernel densities of 'active foraging' locations were used to graphically display foraging range (95 and 75% contours) and core feeding areas (50% contours). The smoothing factor or bandwidth (14651.51 m) and raster cell size (100 m) of the bivariate kernels were calculated using ArcGIS and Home Range Tools.
At-colony observations. Only trips that resulted in a chick-feed were in cluded in estimates of forage trip duration. These trips were compared with daytime trips of instrumented birds to address possible effects of instrumentation using a GLMM with colony as a fixed factor and individual as a random factor. We found no significant difference in the average trip duration between controls (3.8 ± 0.2 h; n = 220) and instrumented birds (4.7 ± 0.4 h; n = 74; F 1, 288 = 1.178, p = 0.279) regardless of colony (F 2, 288 = 2.150, p = 0.118). Chick-meal delivery rates by non-instrumented birds, calculated as the number of feeds delivered per hour at each nest, were compared among colonies using ANOVAs to examine differences in foraging performance.
Diet composition
Prey items were identified to the lowest taxonomic level possible, and lengths of partially digested pollock were estimated from otolith size to determine age-classes (see Renner et al. 2012) . Both adult and chick diets were combined for the analysis (e.g. Jodice et al. 2006a ) because adults store prey in their crops for several hours before regurgitating to their young.
Frequency of occurrence was calculated as the percentage of all samples containing prey remains in which a prey item occurred for each colony, and percent biomass was calculated by dividing the sum of the biomass of a particular prey from all samples by the total biomass for all samples combined. We also calculated the net energy content of each diet sample in order to quantify diet quality and compare the mean values among colonies using ANOVAs. For this, energy density values (kJ g −1 ) for each wet food item were estimated from values in the literature (see Table 3 ) and multiplied by biomass, and all prey items were summed to obtain the estimated energy content per sample (kJ). Prey items were separated into 3 sub-groups (fish, invertebrates, and fish offal) for calculation of contribution of prey type to the total energy content. Fish offal or processor waste was typically comprised of fish innards, such as livers, intestines, and greasy fat. Diet data from 14 GPStagged birds were collected to relate prey species to foraging habitat. For this analysis, we only included diet samples where GPS units were still recording at time of recapture. Corticosterone CORT concentrations (ng ml −1 ) were measured using radioimmunoassay (Kitaysky et al. 1999) . Briefly, each sample was equilibrated with 2000 cpm of tritiated CORT prior to extraction with 4.5 ml distilled dichloromethane. After extraction, percent tritiated hormone recovered from each individual sample (average hormone recovery was > 87%) was used to correct final CORT concentrations. Samples (in duplicates) were reconstituted in phosphate-buffered saline gelatin buffer and combined with antibody and radiolabel in a radio immunoassay. Dextrancoated charcoal was used to separate antibodybound hormone from unbound hormone. All samples were analyzed in 5 different assays; sensitivity of the assays was 7.8 pg tube −1 ; and inter-and intra-assay variations were < 6 and 2%, respectively.
Comparison of the CORT levels of tagged birds at capture and recapture indicated no effect of instrumentation at any of the colonies (paired t-tests: p-values > 0.081). Therefore, to compare nutritional stress levels among colonies (Kitaysky et al. , 2010 we used all CORT samples taken at both capture and re-capture in a GLMM with individual as a random factor.
We also conducted a general linear model (GLM) analysis of trip distance (response variable) using colony, body condition, and CORT as explanatory variables to examine whether foraging effort was affected by adult condition and CORT at deployment (details presented in Appendix 1). Sample sizes were limited, but we did not find a significant effect of any of the independent variables on trip distance (Appendix 1).
Breeding parameters
We used breeding success as another indicator of food availability and fledgling success as a proxy of foraging performance ). Between 6 and 16 plots of kittiwakes, each with 7 to 38 nests, were monitored every 3 to 5 d from the mid-incubation period through to the end of chick-rearing, following Alaska Maritime National Wildlife Refuge protocols (USFWS 1997). Breeding success (chicks fledged per nest with eggs) and fledgling success (chicks fledged per nest with chicks; see Byrd et al. 2008a) were calculated for each island and then compared among islands using ANOVAs.
Statistical analysis
Statistical analysis was carried out using PASW Statistics 18 and R. We used parametric tests (ANOVAs, GLMs & GLMMs, and paired t-tests) to compare groups if the residuals met the assumptions for the GLMs (i.e. homogeneity, independence, normality, and constant variance). Multiple compari sons were undertaken using Tukey post hoc tests unless otherwise indicated. We used Chi-squared tests with Yates correction for comparing frequencies of trips for habitat use and activity budgets. Means were expressed (±standard error of the mean). All comparisons were 2-tailed, and differences were considered significant when p ≤ 0.05.
RESULTS
General foraging behavior
Of the 62 black-legged kittiwakes Rissa tridactyla with data-loggers de ployed, 7 were not recovered due to chick mortality (n = 4) and unknown causes (n = 3). Foraging parameters were obtained from a total of 47 birds (Table 1) . On average, the distance and duration of individual kittiwake trips recorded was 55.3 ± 4.5 km (range = 1.9 to 195 km, n = 115) and 8.1 ± 1.1 h (range = 0.8 to 41.4 h, n = 99), respectively. At-colony observations of non-instrumented birds indicated diffe ren ces in provisioning rates among colonies (F 2, 42 = 7.156, p = 0.002); Pribilof chicks were fed less often than Bogoslof chicks (post hoc test: p < 0.02). Meal delivery rates did not differ significantly between the 2 Pribilof Islands (p > 0.05; see Fig. 4A ).
Diurnal patterns in foraging behavior
The 2 GLMMs of trip distance and trip duration indicate no significant interactive effects of colony and time of day with sex (p > 0.05). On average, female kittiwakes made significantly longer distance (female: 64.8 ± 6.7 km, n = 49; male: 48.3 ± 5.9 km, n = 66; F 1, 103 = 6.026, p = 0.016) and longer duration (female: 9.2 ± 1.3 h, n = 40; male: 7.3 ± 0.7 h, n = 59; F 1, 87 = 4.566, p = 0.035) trips than males. In contrast, both trip parameters were affected by time of day and colony (distance: F 2, 103 = 19.09, p < 0.0001; duration: F 2, 87 = 3.517, p = 0.034; Table 2 ). Birds at the Pribilofs had a bimodal foraging strategy, with longer distance overnight trips and shorter distance daytime trips (St. Paul: Table 2 ). During the day, kittiwakes foraged near the islands, and there was no difference in distance traveled among colonies (F 2, 71 = 2.259, p = 0.112). There were differences, however, in overnight trip distance traveled among colonies (F 2, 38 = 12.951, p < 0.0001). St. George kittiwakes traveled greater distances than both St. Paul (post hoc test: p < 0.001) and Bogoslof (post hoc test: p < 0.0001), whereas there was no difference in overnight trip distance between birds from St. Paul and Bogoslof (post hoc test: 0.313; Table 2 ). Similarly, the durations of daytime trips conducted at the 3 colonies were comparable (F 2, 61 = 8.878, p = 0.162). Al though results were only marginally significant for overnight trips (F 2, 32 = 3.316, p = 0.049), St. George birds also tended to have longer trip durations than their coun- terparts at the 2 other colonies. Overnight trips were longer in duration than daytime trips at all 3 study colonies (p < 0.001; Table 2 ). Analyses of activity budgets show no diurnal differences in the allocation of time spent 'resting' or 'actively foraging' during trips conducted by birds at all 3 colonies (p > 0.05, and overnight trips (F 1, 36 = 0.014, p = 0.905). There were no statistical differences in the 3 at-sea activities among islands (p > 0.05; Table 2 ); however, birds from St. George tended to spend more time 'flying' and less time 'foraging' overnight than birds from the other colonies.
Foraging habitats and core feeding areas
Kittiwakes from the 3 colonies foraged in different directions and marine habitats: St. Paul birds mostly foraged on the continental shelf during both day and night trips; St. George birds fed on the shelf during daytime and over the basin at night; and Bogoslof birds mostly foraged in the oceanic basin, with some trips to the Aleutian Island coast regardless of time of day ( Table 2 ). The shelf break was not the final destination for a few St. George and Bogoslof birds, but rather a transition zone to access either the oceanic basin or the Aleutian coast, respectively (Table 2, Fig. 1 ). Directional tracks of St. George birds to the southwest of the colony coincided with core feeding areas found in the oceanic basin, about 30 to 100 km from the shelf break (Fig. 2) . Similarly, tracks of Bogoslof birds to the SW and SE of the colony coincided with core feeding sites found along the Aleutian coast. More than half of St. Paul bird-tracks (total n = 40) were headed north to west over the shelf (Fig. 2) . Most of these trips (64%) were within the range (60 to 170 km) of juvenile pollock found by a concurrent study (Benoit-Bird et al. 2011) , and occurred overnight (72%).
Diet composition
Fish dominated diets at all 3 study colonies, both in frequency and total biomass ( Batchelor & Ross (1984) . Other food items were assumed to be 4.02 kJ g Bogoslof and St. George, although the species diversity was greater at Bogoslof (Table 3) . St. Paul kittiwakes fed on several fish species including age-1 juvenile pollock (mean fork length: 124.7 ± 0.29 mm; n = 13) and sandlance (fork length: 70 to 100 mm).
Amphipods, euphausiids and squid (Gonatopsis borealis and Gonatus spp.) were found more frequently in St. George diet samples than at either St. Paul or Bogoslof ( (Table 4) . We were able to link tracking data with prey consumed for single foraging trips of 14 birds. The majority of birds that foraged in the basin fed almost exclusively on myctophids (n = 5), and 1 fed on both myctophids and squid. In contrast, birds foraging on the shelf fed on a wider range of prey (age-1 pollock with larvae mackerel Pleurogrammus monopte rygius [n = 1], eelpout Lycotes sp.
[n = 1], sandlance [n = 1], and fish offal [n = 5]; Fig. 3) . A larger sample of birds that included non-instrumented individuals showed a similar segregation of prey types. In samples containing myctophids, only 32% also included invertebrates (mostly euphansiids and squid). In samples with pollock, only 34% (n = 9) included other fish species. In samples with fish offal, only 25% (n = 12) included other prey. In contrast, inverte- brates (63%; n = 19) and sandlance (72%, n = 7) were mostly found in combination with other fish species.
Corticosterone
CORT levels of kittiwakes varied significantly among colonies (F 2, 98 = 8.741, p < 0.001). Birds nesting on both Pribilof colonies had significantly higher CORT levels than their counterparts nesting on Bogoslof (post hoc tests: p < 0.0007; Fig. 4D ). No significant differences in CORT levels were found between birds from St. Paul and St. George (p = 0.99).
Breeding and foraging performance
Breeding success (chicks fledged per nest) of kittiwakes varied significantly among colonies (F 2, 591 = 159.3, p < 0.0001; Fig. 4B) , with breeding success at Bogoslof 10 times higher than at the Pribilofs (post hoc test: p < 0.0001). Ninety-two percent of nests with eggs failed during the incubation period at both Pribilof colonies, whereas only 23% of nests failed at Bogoslof. Similarly, fledgling success (chicks fledged per chicks hatched) differed among islands (F 2, 119 = 2.753, p = 0.01), with fledging success at Bogoslof significantly higher than at St. Paul (post hoc tests: p = 0.001; Fig. 4C ), but not higher than at St. George (p > 0.05). No differences were found in either breeding or fledgling success between the Pribilof colonies (post hoc tests: p > 0.05).
DISCUSSION
Kittiwakes Rissa tridactyla nesting at the Pribilof colonies responded with 2 different foraging strategies to reduced availability of key forage fish in the continental shelf regions (Ianelli et al. 2009 , Lauth 2010 , Benoit-Bird et al. 2011 . Individual birds from St. George conducted the longest trip distances recorded for kittiwakes (Suryan et al. 2000 , Kotzerka et al. 2010 , and the majority of birds concentrated foraging in oceanic habitats rather than in the nearby 263 Fig. 4 . Rissa tridactyla. Breeding and foraging performance, and stress levels of black-legged kittiwakes at 2 shelf colonies and an oceanic colony (basin) in the Bering Sea 2009: (A) chick feeding frequency, (B) reproductive success, (C) fledging success, and (D) adult stress levels (CORT: corticosterone). Significant ( * ) and non-significant (bars attached by a horizontal line) differences among colonies indicated. Birds at Bogoslof had higher chick feeding rates, breeding success and lower nutritional stress than birds from both Pribilof Is. (St. Paul and St. George; post hoc tests p < 0.05). Significant differences in fledging success were only found between Bogoslof and St. Paul (p = 0.001). There was no significant difference in breeding performance or stress levels between the 2 shelf colonies (p > 0.05). Sample sizes are given inside or above bars continental shelf regions. Birds from St. Paul foraged mainly in nearby shelf habitats and made shorter distance trips equivalent to birds at Bogoslof. Nonetheless, the food-energy content of St. Paul birds (declining population) was lower compared to the food-energy content of St. George (stable population) and Bogoslof (increasing population) birds. Although kittiwakes showed substantial flexibility in foraging behavior, individuals breeding on the Pribilof colonies still had higher nutritional stress and lower reproductive performance than birds breeding at Bogoslof.
Bering Sea kittiwake foraging patterns
Other studies have found that kittiwakes forage mostly during the daytime (Suryan et al. 2002 , Kotzerka et al. 2010 , and overnight foraging has been shown to occur more often in years of poor food availability (Hamer et al. 1993) . Kittiwakes from the 3 Bering Sea colonies conducted shorter daytime and longer overnight trips, a pattern similar to dual foraging strategies reported in other seabirds (Chaurand & Weimerskirch 1994 , Saraux et al. 2011 . In this study, birds only adjusted overnight trip distances, apparently in response to differences in prey availability among colonies. Overnight foraging may have allowed this surface-feeding species to access distant feeding grounds and rely on fish migrating from depth to the sea surface at night (juvenile pollock: Benoit-Bird et al. 2011; myctophids: Nishimura et al. 1999 , Sinclair & Stabeno 2002 ). On average, females from the 3 colonies made longer distance trips than males, results supporting other studies showing a female-biased role in chick-provisioning in the kittiwake (Jodice et al. 2006b and references therein).
Differences in foraging and prey availability among colonies
Previous studies have shown that kittiwakes' foraging effort, nutritional stress levels, and productivity are affected by differences in prey availability between colonies and years (Suryan et al. 2000 , Gill & Hatch 2002 , Buck et al. 2007 , Kitaysky et al. 2010 . Concurrently, we found that birds from both shelf-located colonies (St. George and St. Paul) conducted longer overnight trips and had lower breeding success and higher levels of nutritional stress than birds breeding at the basin-located colony (Bogoslof). Independent ship-based surveys on the continental shelf during the summer 2009 (Ianelli et al. 2009 , Lauth 2010 , Benoit-Bird et al. 2011 ) indicate a low abundance and patchy distribution of key forage fish species (juvenile pollock: Ianelli et al. 2009 , Benoit-Bird et al. 2011 capelin and sandlance: Lauth 2010) . Interestingly, an estimated biomass of juvenile pollock near Bogoslof was also the lowest recorded since 1998 (Ianelli et al. 2009 ). Our results on bird diets support the at-sea surveys and indicate that invertebrates and fish offal were an alternative source of food for kittiwakes breeding on the Pribilof Islands. In contrast, Bogoslof kittiwakes fed mainly on meso pelagic myctophids and did not feed on fish offal, despite large volumes of offal being discarded locally by both the eastern Bering Sea and Aleutian Island ground fishery (Furness et al. 2007 ). Our results suggest that forage fish availability on the continental shelf was insufficient to maintain adequate provisioning rates of chicks and adult maintenance on the Pribilof Islands and that offal discards may not be sufficient to compensate for low availability of preferred prey.
Under conditions of low forage fish availability on the shelf, St. Paul birds increased overnight foraging distances over the shelf, apparently to access better feeding areas. Their core feeding areas coincided with larger patches of juvenile pollock found 60 to 170 km northwest of the island (Benoit-Bird et al. 2011) . Interestingly, birds fed on age-1 pollock, which is larger and higher in energy content than age-0 pollock (Whitman 2011), despite the occurrence of both age classes in the same patches (Benoit-Bird et al. 2011) . St. George birds also increased overnight foraging ranges (up to 195 km), but, in contrast to St. Paul birds, they accessed oceanic waters. This behavior combined with the high occurrence of lipid-rich myctophids in diets suggests that St. George kittiwakes relied on nocturnally available mesopelagic prey. Bogoslof kittiwakes also fed on the myctophids Stenobrachius leucopsaurus at night, but the proximity of Bogoslof to the Aleutian Islands also provided an additional source of mycto phids (S. nannochir) in shallower waters during the daytime.
Despite flexibility in foraging behavior, with different strategies exhibited by the 2 shelf colonies in 2009, kittiwakes were unable to buffer apparent food shortages. Breeding success at St. Paul and St. George in 2009 (< 0.05 chicks fledged per nest) was below the historical (1975 to 2005) average for these colonies (0.24 to 0.30 chicks fledged per nest; Byrd et al. 2008a) , as well as for other kittiwake colonies elsewhere (Suryan et al. 2000 , Jodice et al. 2006a , Buck et al. 2007 . Breeding success at Bogoslof in 2009 (0.57 chicks fledged per nest) was slightly below the long-term mean (0.68 chicks fledged per nest; Renner & Williams 2005) , but higher than at the Pribilofs and other colonies in the Pacific (Satterthwaite et al. 2012) . Although fledgling success of kittiwakes at Bogoslof was higher than at St. Paul, foraging ranges were similar and both were longer overall than those reported at other localities (Ainley et al. 2003 and references therein, Kotzerka et al. 2010) . Therefore, foraging conditions for kittiwakes at Bogoslof in 2009 might also have been suboptimal, but, in contrast to the Pribilof kittiwakes, birds breeding on Bogoslof were able to compensate by employing flexible foraging strategies and having access to multiple foraging habitats.
Density-dependent mechanisms have been proposed to explain differences in seabird foraging range and productivity (Hunt et al. 1986 , Lewis et al. 2001 , Ainley et al. 2003 , but results obtained in this study do not support this hypothesis. As expected based on colony size, birds at the smaller colonies of St. Paul and Bogoslof conducted shorter overnight foraging trips than birds at the larger colony of St. George. However, contrary to predictions based on colony size, daytime foraging trip distances did not differ among the colonies. Furthermore, patterns of productivity and stress did not support the densitydependent hypothesis. Specifically, we observed a large difference in productivity and stress levels between the 2 similar-sized small colonies (St. Paul and Bogoslof) and little difference in those parameters between the 2 Pribilof colonies that have very different population sizes. According to the densitydependent mechanism hypothesis, depletion of the primary food (e.g. juvenile pollock and sandlance; Sinclair et al. 2008) should have had a stronger effect on the larger St. George colony; however, we found that here kittiwakes fed on higher quality prey than those at the smaller St. Paul colony.
Altogether these results suggest that proximity to alternative foraging habitats rather than densitydependent mechanisms might be important for explaining seabird reproductive and population processes. When the abundance of key forage fishes is reduced, kittiwakes at Bogoslof have much easier access to high-energy prey in nearby oceanic waters than the birds breeding on the Pribilof colonies.
Relationships between foraging effort, physiological stress and reproductive performance
Our results clearly show that the increased foraging effort of kittiwakes nesting at the shelf colonies affected their reproductive performance. These changes also resulted in elevated CORT levels of the birds breeding at the shelf colonies; elevated CORT is a proximate mechanism of decreased reproductive performance in seabirds , Buck et al. 2007 , Kitaysky et al. 2010 . Flying may be energetically costly (Norberg 1986) , especially for birds like kittiwakes that use a flapping type of flight, but additional distance traveled may be energetically beneficial if individuals can access a greater amount of high-energy prey (e.g. myctophids and age-1 pollock; Whitman 2011). For example, although foraging effort by birds on St. George appeared to be greater than at St. Paul, because of the longer distance trips conducted at night, St. George kittiwakes consumed energy-rich prey. Thus, the additional flight costs associated with the long-distance trips conducted by St. George birds could be balanced by the high-energy prey taken by them in the basin. Nevertheless, despite the different foraging strategies exhibited by kittiwakes at the 2 islands in response to a food shortage, they incurred comparable levels of nutritional stress in 2009. Recent studies have shown that CORT levels are positively correlated with post-breeding mortality of adult kittiwakes (Kitaysky et al. 2010 , Goutte et. al. 2010 , Satterthwaite et al. 2012 . Thus, the poor foraging conditions in 2009 likely affected the fitness of kittiwakes at the Pribilofs via decreased productivity and increased mortality of adults (Satterthwaite et al. 2012) . However, the high-quality diets of St. George kittiwakes might have additional benefits for the survival of young kittiwakes. For example, the nutritional quality of prey during development has been shown to affect individual fledgling quality and might be important for the survival of juvenile kittiwakes (Kitaysky et al. 2006) . Accordingly, post-fledging survival of St. George juvenile kittiwakes fed high-quality food might be enhanced compared to those fed poor-quality food on St. Paul, which might contribute to the contrasting population trends observed at the colo nies during recent de cades. Further examination of foraging behavior of individual birds in relation to their stress levels, prey quality, and survival would be important to determine whether food stress is a primary factor determining the population trajectories of Pribilof kittiwakes.
Proximity to multiple marine habitats and population trends
Contrary to what was proposed in earlier studies at the Pribilof Islands (Schneider & Hunt 1984) , birds at St. George colony did not focus their foraging on the nearby productive shelf break, but instead used the oceanic basin as an alternative source of lipid-rich forage fish. Similarly, Bogoslof birds used the Aleutian coast more often than the nearby Aleutian shelf break. It is possible that the shelf break zones used by kittiwakes were not as attractive due to annual changes in productivity (Mizobata et al. 2008 , Brown et al. 2011 ) and/or increased competition by other seabirds and marine mammals at this well-known feature (Schneider & Hunt 1984 , Springer et al. 1996a . The consistent SW direction of St. George foraging tracks to the basin, coupled with the presence of core feeding areas and a high occurrence of myctophids in the diet of St. George and Bogoslof kittiwakes, suggests there were predictable prey aggregations at the mesoscale level in the oceanic basin. Eddies produced by currents associated with the shelf break play an important role in consolidating planktonic organisms at the sea surface and creating feeding opportunities for species at higher trophic levels such as larval pollock (Schumacher & Stabeno 1994 ), myctophids (Sinclair & Stabeno 2002) , and northern fur seals Callorhinus ursinus (Sterling 2009). Thus, we suggest that there may be indirect benefits of the closer proximity of St. George and Bogoslof colonies to the shelf breaks, with eddies providing predictable areas for kittiwakes to forage in the basin. Prey availability, however, is not always low on the shelf, and the productivity of birds from St. Paul has been higher than that of birds from St. George in some years (Byrd et al. 2008a ). Thus, foraging and breeding patterns may differ in warmer years, when feeding conditions are apparently better for piscivore seabirds nesting at the Pribilof Islands (Benowitz-Fredericks et al. 2008 , Satterthwaite et al. 2012 . In addition, the energy density of age-1 pollock can vary among years and habitat zones and is sometimes comparable to that of myctophids (Whitman 2011) . Hot spots of a key forage species, juvenile pollock, have been found northwest of St. Paul, near the 100 m isobaths, in multiple years , and it is likely that St. Paul birds would do better when those patches are closer and abundant. However, if these patches move farther north or descend deeper into the water column on the continental shelf, birds at the St. Paul colony are likely to be less able to cope. Conversely, birds at the Bogoslof colony appear most resilient to changes in food availability on the shelf, likely because they are closer to 3 nearby habitats (basin, shelf break, and Aleutian Islands) with high-quality prey. Long-term declines in the availability of forage fishes on the Bering Sea shelf may, therefore, have had a greater impact on kittiwake populations at St. Paul due to limited alternative foraging opportunities. The declines appear to have had a lesser, although still significant, impact on birds nesting at St. George, with the least effect on kittiwakes from Bogoslof.
In conclusion, our integrative study highlights the importance of accessibility to alternative foraging habitats and associated prey for breeding sea birds, implying a differential vulnerability of seabird colonies to a changing environment according to their location. Our results provide new insights into our current understanding of the use of marine habitats by breeding seabirds, elucidate causes for the contrasting population trends observed at the study colonies, and have implications for both research priorities and management plans for marine habitats. We conducted a GLM analysis of trip distance using colony, body condition, and CORT as explanatory variables to examine whether foraging effort was affected by adult condition and CORT at deployment. Body condition index was estimated using principal component analysis of body measurements (tarsus, wing, and head-bill) and mass (see below for details). The first principal component (PC1) explained 45.6% of the variation in body measurements (wing, tarsus, and head-bill). We used a linear model of body mass predicted by PC1 to obtain fitted values of PC1 on body mass and residuals of PC1. Standardized body condition was calculated as the residuals divided by the fitted values.
We did not find a significant effect of any of the independent variables (colony, body condition, CORT) on trip distance (p > 0.05; see Table A1 ). However, small sample sizes may have precluded detection of CORT and body condition effects: many tags stopped collecting data before birds were recaptured, and only few birds (e.g. St. George = 4; Bogoslof = 5; St. Paul = 10) provided complete information on trip distance. 
